Exosomes and exosome-like vesicles participate in cell-to-cell communication in 19 animals, plant and bacteria. Dietary exosomes in bovine milk are bioavailable in non-bovine 20 species, but a fraction of milk exosomes reaches the large intestine. We hypothesized that milk 21 exosomes alter the composition of the gut microbiome in mice. C57BL/6 mice were fed AIN-22 93G diets, defined by their content of bovine milk exosomes and RNA cargos: exosome/RNA-23 depleted (ERD) versus exosome/RNA-sufficient (ERS) diets. Feeding was initiated at age three 24 weeks and cecum content was collected at ages 7, 15 and 47 weeks. Microbial communities were 25 identified by 16S rRNA gene sequencing. The dietary intake of exosomes and age had significant 26 effects on the microbial communities in the cecum. At the phylum level, the abundance of 27
47
Exosomes transfer diverse cargos from donor cells to adjacent or distant recipient cells. Cargos 48 include various species of RNA, proteins, and lipids. In recipient cells, exosome cargos alter 49 gene expression and metabolism. For example, miR-30d secreted by the endometrium is taken up 50 by the pre-implantation embryo and modifies the transcriptome in human embryos (3) . Recently, 51
we made the paradigm-shifting discovery that exosomes and their RNA cargos are not 52 exclusively derived from endogenous synthesis, but can also we obtained from dietary sources. 53 We demonstrated that human and rat intestinal cells transport exosomes from bovine milk by 54 endocytosis and secrete microRNA cargos across the basolateral membrane (4) . Similar transport 55 mechanism operates in human vascular endothelial cells (5) . Exosomes accumulate in immune 56 cells if transferred across species boundaries (6) (7) (8) . We further demonstrated that bovine milk 57 exosomes contribute to the body pool of microRNAs in human milk feeding and murine 58 exosome depletion studies (6, 9, 10) . MicroRNAs in dietary exosomes alter gene expression 59 across species boundaries (6, 11) . These discoveries are consistent with observations by other 60 investigators. For example, Mathivanan and co-workers and Ochiya and co-workers presented 61 evidence in support of the bioavailability of milk exosomes at a conference on Dietary 62 Extracellular Vesicles hosted by the International Society of Extracellular Vesicles in January of 63 2017 at La Trobe University, Australia. Ongoing phenotyping studies in our laboratory suggest 64 that dietary depletion of bovine milk exosomes causes a loss in fecundity and spatial learning and 65 memory in mice, alters plasma cytokine profiles in humans and mice, and causes an aberrant flux 66 of purine metabolites in mice (12) (13) (14) . 67
Despite the compelling evidence in support of the theory that milk exosomes are bioavailable, 68 concerns have been raised that the amount of cargos, particularly microRNAs, delivered by 69 5 bovine exosomes to host organisms is exceedingly low in transgenic mouse models ((15, 16) , 70 reviewed in (17)). In a recent opinion paper we suggested that, while studies of dietary 71 microRNAs are important and warrant investigation, the controversy surrounding the field of 72 dietary microRNAs must not impede the rate of discovery in areas such as dietary exosomes, 73 exosome cargos other than microRNAs and non-canonical RNA signaling pathways (18) . Here 74 we tested the hypothesis that bovine milk exosomes alter microbial communities in the murine 75 cecum and any such changes might contribute to changes in the murine hepatic transcriptome. 76
This hypothesis was based on the following rationale. First, prokaryotic and eukaryotic microbes 77 communicate with their environment through exosome-like vesicles (19) . This observation 78 includes gram-positive bacteria, which use vesicles for communication despite the cell wall 79 posing a barrier for vesicle transport (20, 21) . Viruses may participate in exosome signaling 80 through hijacking and modifying exosomes (22) . Second, up to 20% and 40% of RNA sequence 81 reads in plasma from healthy adults map to bacterial and fungal genomes, respectively (23) . 82
Third, evidence suggests that orally administered, fluorophore-labeled exosomes from bovine 83 milk are delivered to peripheral tissues (24). While that study lacked important controls 84 (unlabeled exosomes, free fluorophore), its findings are largely consistent with our ongoing 85 studies suggesting that endogenously and exogenously labeled milk exosomes accumulate in 86 liver and spleen, but that a considerable fraction of orally administered exosomes escapes 87 absorption and reaches the large intestine (25) . 88
89

RESULTS
90
Microbial communities. Combinatorial effects of independent variables on microbial 91 communities were statistically significant for the diet x age x sex interaction (P=0.039; Table 1 ). 92
At the phylum level, the abundance of Verrucomicrobia was greater in mice fed an AIN-93G-93 6 based, Exosome and RNA-depleted (ERD) diet compared to Exosome and RNA-sufficient (ERS) 94 diet (P=0.030). Also, Firmicutes were significantly more abundant in female mice fed the ERS 95 diet compared with females fed the ERD diet at age 47 weeks (P<0.05). Some of the changes at 96 the phylum level involved diet x age interactions. For example, Firmicutes and Tenericutes were 97 significantly less abundant in mice fed the ERD diet compared with ERS at age 47 weeks, but 98 not at ages 7 and 15 weeks. The abundance of Actinobacteria was greater (P=0.041) in mice fed 99 the ERS diet compared with ERD at age 15 weeks. No significant changes at the phylum level 100 were detected when sex was used as the sole independent variable. All statistical analyses are 101 shown in Table S1 . 102 A total of 19 families were identified by 16S rRNA sequencing. Lachnospiraceae, 103
Ruminococcaceae and an unclassified family in the order Clostridiales (phylum Firmicutes), 104 were the three most abundant families affected by diet, age or sex ( Fig.1 ; Table S2 ). Exosome-105 defined diets altered the microbial communities at the family level, whereas some effects 106 depended on diet x age and diet x age x sex interactions. P=0.021, respectively). The diversity of microbial OTUs continued to increase and peaked at age 133 47 weeks and these OTUs are from the same families shown in Fig. 1 in both diet groups. OTUs 134 are detailed in Table S3 . 135
Correlation between microbial communities and hepatic transcriptome. Sixty-nine genes 136
were differentially expressed by at least 2-fold in the livers of female mice fed ERS compared to 137 ERD females at age 15 weeks (P<0.01; Table S4 ). Changes in the hepatic transcriptome 138 correlated with changes in microbial communities in the cecum. The strong correlation between 139
OTUs from the family of Lachnospiraceae (phylum of Firmicutes) with hepatic transcripts is 140 particularly noteworthy ( Fig. 3 ). For example, five OTUs within the family of Lachnospiraceae 141 8 correlated with the hepatic expression of differentially expressed genes in female mice fed milk 142 exosome-defined diets. Correlations were also observed for OTUs from Erysipelotrichaceae, 143
Lactobacillaceae, an unclassified family in the order of RF39 and four OTUs from an 144 unclassified family in the order Clostridiales. All these families, except that from the order of 145 RF39, are from the phylum of Firmicutes. A full record of correlations is available in Table S5 . 146 147
DISCUSSION 148
This paper provides novel insights in the following areas of research. First, this paper 149 provides strong evidence that dietary exosomes and their RNA cargos, at least those in milk, 150 might be responsible for some of the effects of diet on the gut microbiome (26, 27) . To the best 151 of our knowledge the only evidence that bovine milk compounds alter the microbiome comes 152 from a study reporting that consumption of casein protein alters microbial communities in the gut 153 of rats (28) . Second, this paper adds to the existing body of evidence that dietary RNAs elicit 154 changes in gene expression across kingdoms, in this case animals and bacteria. This concept is 155 based on a report suggesting that MIR-168a in rice is bioavailable and binds to the mRNA 156 coding for low-density lipoprotein receptor adaptor protein 1, thereby lowering mRNA 157 expression in the liver of mice (29) . Third, this paper suggests that gut microorganisms might act 158 as transmitters or amplifiers of dietary exosome signals. Following early reports that microRNA 159 cargos in dietary exosomes might be bioavailable, it was proposed that dietary microRNAs 160 achieve tissue concentrations that are too low to elicit biological effects and that the 161 bioavailability of milk exosomes might be low (15, 16, 30, 31) . Here we provide evidence that 162 exosome-defined diets alter microbial communities in the murine cecum, and effects are 163 particularly strong if studied at the OTU level. Importantly, this paper suggests that milk 164 exosomes that escape absorption by mucosal cells, may still elicit major biological effects, 165 9 facilitated by the gut microbiome. It is now widely accepted that prokaryotic and eukaryotic 166 microbes communicate with their environment through exosome-like vesicles (19) (20) (21) . It is 167 reasonable to speculate that changes in microbial communities are paralleled by changes in the 168 production of microbial metabolites, which may transmit and amplify milk exosome signals (32). 169
Fourth, this paper provides preliminary evidence that milk exosome-dependent changes in 170 microbial communities can explain changes observed in the hepatic transcriptome in mice. We 171 acknowledge that the scientific basis for this theory is rather small, because this aspect of 172 investigation is based on only one sex (females) in one age group (15 weeks Bacteroidetes is greater in obese compared with lean subjects (26) . Dysbiosis in the gut 181 microbiome may cause liver disease due to microbial metabolites altering the metabolism in 182 hepatic cells via innate immune receptors (36, 37) , e.g., a decreased abundance of 183
Ruminococcaceae and Escherichia has been linked with non-alcoholic fatty liver disease (38, 39) . 184
Inflammatory bowel disease, obesity and non-alcoholic fatty liver disease are major health 185 concerns in the United States (40, 41) . 186
Most likely, gut microbiota are not the only amplifiers of exosome and RNA cargo signals. It 187 has been proposed that microRNAs elicit biological effects through binding to Toll-like receptors 188 or by surface antigen-mediated delivery of exosomes to immune cells to create an exosome-rich 10 microenvironment (42, 43); mere exosome-cell surface interactions might also cell signaling 190 pathways (43) . 191
We have recently completed a one-year mouse feeding trial to assess phenotypes associated 192 with feeding milk exosome-defined diets to mice. Some interesting phenotypes emerged 193 (unpublished observations). It will be interesting to test which of these phenotypes depend on the 194 the powder for the ERD diet was ultrasonicated for 1.5 h and incubated for 1 h at 37°C prior to 204 lyophilization; the milk used to prepare the powder for the ERS was not ultrasonicated. 205
Ultrasonication causes a transient disruption of exosome membranes, which led to a >98% 206 depletion of microRNA cargos in exosomes, 20% decreased in exosome count 207 (9.1x10 12 ±7.1x10 11 exosomes/mL in ERS milk vs. 7.3x10 12 ±3.5x10 11 exosomes/mL in ERD milk) 208 and a >60% decrease in intestinal exosome transport rates ((6), S. Sukreet and J. Zempleni, 209 unpublished). Diet ingredients other than milk were not ultrasonicated, i.e., nutrients other than 210 exosomes and their RNA cargos were the same in ERD and ERS diets. Diets were dried and fed 211 in pelleted form. 212
Mouse feeding studies. C57BL/6 mice were obtained from Jackson Labs. (stock number 213 000664) at age three weeks when dietary treatment was initiated ERD versus ERS. Mice were 214 housed in groups of four mice per cage, separated by sex. Both males and females were studied. 215
True randomization of group assignment was achieved by labeling mice with numbers and 216 randomly assigning numbers to groups. At timed intervals (ages 7, 15 and 47 weeks), mice were 217 sampled from different cages to avoid cage effects, and euthanized for sample collection (N=8 218 for each sex and age). Cecum content was collected, flash frozen in liquid nitrogen and stored at 219 -80°C. Livers were collected at age 15 weeks and flash frozen in liquid nitrogen and stored at -220 80°C. The study was approved by the Institutional Animal Care and Use Committee at the 221
University of Nebraska-Lincoln (protocol 1229). 222
Analysis of microbial communities. Cecum content was extracted and DNA was purified 223 using the PowerSoil DNA Isolation Kit (Mo Bio Laboratories Inc., Carlsbad, CA, USA) 224 following the manufacturer's instructions. DNA purity and integrity were confirmed by using the 225 260-to-280 nm ratio (Nanodrop ND-1000, Nanodrop Technologies, Wilmington, DE, USA) and 226 agarose gel (0.8%) electrophoresis. The V4 region in the 16S rRNA gene was amplified and 227 sequenced as described previously (45) . The sequencing reads were quality filtered and analyzed 228 as described previously (46) . Briefly, contigs were generated from paired-end reads and were 229 screened using MOTHUR v.1.38.1 (46) to exclude low quality sequences and reads containing 230 ambiguous bases or homopolymers longer than 8 bp. Additionally, the resulting reads were 231 trimmed to only retain reads between 245 base pairs (bp) and 275 bp. The UPARSE pipeline 232 (USEARCH v7.0.1090) (47) was then used to cluster quality-filtered sequences into operational 233 taxonomic units (OTUs) at 97% identity, after removal of chimeras using UCHIME (48) . 234
ChimeraSlayer gold.fa was used as the reference database for chimera detection. Sequence 235 alignment was performed using the SILVA v123 reference and was used to build a phylogenetic 236 12 tree using Clearcut (49) . Taxonomy assignment (Greengenes database: gg_13_8_otus) (50) was 237 performed using QIIME v.1.9.1 (51) . We removed 10 samples that had sequencing read counts 238 lower than 4000. Eighty-two samples with an average read count of 40,468 reads and a range of 239 4,112 -144,788 reads were used for downstream analysis. Alpha diversity metrics were used to 240 evaluate richness (Chao1), diversity (Shannon-Weiner index), and coverage (Good's coverage) 241 (51) . Rarefaction curves were constructed using Chao1 values. A core measureable microbiome 242 was identified based on factors diet, sex, and age. The core measureable microbiome was defined 243 as the group of OTUs that are present in at least 80% of the samples within each factor. 244
Differences in bacterial communities were assessed using permutational multivariate analysis of 245 variance (PERMANOVA) utilizing the weighted UniFrac distance matrix. Additionally, the 246 weighted UniFrac distance matrix was used for principal coordinate analysis (PCoA). The 247
Linear Discriminant Analysis of Effect Size (LefSe) algorithm with default parameters was used 248 to identify OTUs that were differentially abundant in the ERS and ERD feeding groups at 249 different ages (52) . Sequence data were deposited in the NCBI-BioProject database under 250 accession no. PRJNA413623. 251
Analysis of the hepatic transcriptome. Livers from six female mice, age 15 weeks, were 252 used for RNA sequencing studies (N=3 from each feeding group). Briefly, RNA was extracted 253 using the mRNA Seq Sample Prep Kit (Illumina) and shipped on dry ice to the genomics center 254 of University of Minneapolis, MN for sequencing analysis. RNA quality was assessed using an 255 Agilent Bioanalyzer and absorbance at 260 and 280 nm. The RNA Integrity Number and the 256 260-to-280 nm ratio was greater than 7 and 1.8, respectively, for all samples. Libraries were 257 generated using TruSeq Stranded Total RNA Library Prep Kit and sequenced using the Illumina 258
HiSeq 2500 platform and a paired ends protocol generating reads with a length of 125 bp. Data 259 quality control was performed using FastQC (53) . After removing adaptors and reads containing 260 13 ambiguous bases or having average quality score less than 30, sequencing reads were aligned to 261 the mouse reference genome [GRCm38, mm10] using Tophat (54). Cufflinks (55) was applied to 262 identify the transcripts and quantify their expression in units of reads per kilobase of exon model 263 per million (RPKM). Cuffdiff was applied to identify the differentially expressed transcripts 264 between two feeding groups and only those with equal or more than 2-fold change were 265 considered for the downstream analysis (56) . KEGG pathways were identified by using 266 clusterProfiler (57) Effects of diet are statistically significant for LDA scores greater than 2 (P<0.05). 
